A full 3D computer model is developed to evaluate the performance impact of intrinsic loss and various geometrical features in high-resolution single-mode thicknessshear pressure transducer. The intrinsic loss is modeled as viscosity factors, which allows for a more efficient computer model. In this paper, the developed model is applied to get an insight in the evolution of high-resolution pressure transducer, from Hewlett-Packard™ to Quartzdyne™. As the quality factor is related to the inverse of the resolution, the transducing element optimization process to achieve the highest quality factor possible is investigated, considering the impact of crystal quality and geometrical features, such as: thickness, diameter and convexity (plano-convex and bi-convex). Temperature-dependent elastic constants are used to improve the model accuracy in modeling temperature effects on the vibrating resonator-type transducer. Boundary load conditions are used to simulate hydrostatic pressure. The simulations to extract the frequency shift are carried out in the range of 14 psi (96.5 kPa) to 20000 psi (137.89 MPa) and 0 o C to 200 o C for pressure and temperature, respectively, as such ranges are typically found in oil and gas wells. A miniaturization path to achieve semi-distributed measurement in oil and gas production wells is presented.
I. INTRODUCTION
High-resolution pressure and temperature measurements in oil and gas wells are performed with piezoelectric resonator-type transducers using materials such as: boron silicate (tourmaline), lanthanum gallium silicate (langasite), gallium orthophosphate, and quartz. In such applications, quartz is the standard material due to its sensitivity, frequency stability with respect to cut error, long-term stability, pressure and temperature cycling stability, and rugged characteristics. Gallium orthophosphate or langasite can be used in higher temperature range, as found in deeper oil wells. It is estimated that away from tectonic plates the borehole pressure increases at 24.5 MPa per kilometer and the borehole temperature increases at 25 o C per kilometer [1] . Resonator-type transducer resolution is related to the inverse of the quality factor, Q-factor. For pressure measurements, the achieved resolution is in parts per million, ppm. Thus, Qfactor greater than one million is standard. The state-of-theart commercial sensor is based on the Quartzdyne™ transducer. The complete sensor, including transducer, conditioning and processing electronics and connector, is sealed in a stainless steel case and its length is over 500 mm. It can be Fig. 1 Sensor installation at the X-mas tree for oil well monitoring. mounted in a structure on the welltop, named X-mas tree, as shown in Figure 1 , for single-point measurement. Another mounting point is the well bottom, in which is deployed the permanent downhole gage.
The collected data is used in well planning and safety, also for reservoir assessment or management. It allows for the estimation of reservoir permeability and oil/water interface for optimal well completion. Thus, the requirement of high quality factor is key for early detection of pressure buildup to monitor well stability during drilling, reservoir assessment and production phases. The most common geometry is the disk-like, with both sides partially covered with electrodes. Typically constructed as a single-mode thickness-shear disk resonator, such transducer is used for downhole pressure and temperature measurement in oil and gas wells for the last 50 years [1] .
Since the first downhole transducer manufactured by Hewlett-Packard™, HP, there has been a continued size reduction process, see combined with proper packaging may help reducing costs, while improving its thermal transient response and alleviating possible dead-volume calibration problems. On the downside, less volume reduces the power handling capability. Another penalty is the reduction on the absolute accuracy. Most commercial transducers used in oil and gas applications are bulk resonators for single-point measurement. Semi-distributed or distributed measurement in oil and gas wells is an unsolved problem. A proposal for a smart high-resolution pressure sensor is presented in Figure 2 .
The extremely high Q-factor required makes micro-electromechanical systems (MEMS) based transducer not applicable for downhole measurements, as such high Q-factor is not achieved with present day technology [2, 3, 4, 5, 6] . A computer model is an important tool for the design of high performance transducers. With such model, the design can be optimized to achieve the highest quality factor possible while considering the impact of crystal quality and geometrical features, such as: thickness, diameter and convexity (plano-convex and bi-convex). Due to the anisotropic nature of quartz (trigonal symmetry), it is necessary to have a full 3D FEM based model for quartz resonators based pressure transducers for accurate Q-factor estimations. Besides, full 3D FEM based model allows for the evaluation of nonsymmetric 3D geometries. Besides, the resonance frequency is highly dependent on crystal orientation (cut angle). Commercially, the AT-cut quartz crystal is the selected cut due to its lower thermal sensitivity, which allows for the production of stable high-resolution resonator-type pressure transducers. It is also a valuable tool to understand the evolution of high-resolution downhole pressure transducer, from Hewlett-Packard™to Quartzdyne™ [1, 4] .
Proper understanding and modeling of the various dissipation mechanisms is extremely important, as they have a direct impact on the transducer Q-factor, which can be estimated directly from vibration analysis by taking into consideration the material dissipation. Additionally, the presence of the mounting support reduces the Q-factor, as it works as an energy sink. The effect of the mounting support can be modeled with a supporting structure in which all of the waves transmitted into it are dissipated, and none of the incoming waves on the boundary interface are reflected back to the resonator. This approximation is also applied in the remaining lateral border. The semi-infinite energy sink is realized by a resonator (source) -to -base (sink) boundary interface that is perfectly radiating to the waves from the source: the interface is transparent to the source waves, i.e., there are no reflections at the interface. The modeling of the semi-infinite energy sink is performed by applying a scaled boundary finite element method. The reflections are limited by the application of the perfectly matched layer (PML) technique, which absorbs the outgoing wave energy. This lower bound Q-factor is useful for evaluating the resonator design and the mounting support. This technique is known as the semiinfinite energy sink method for predicting the lower bound Q-factor [7, 8] .
In this work, the aim is to present a computer model which can be used to investigate the size reduction process occurred in the last decades while keeping the Q-factor above 10 6 for the single-mode thickness-shear resonator geometry. Previously, a simplified implementation of the model was discussed [9, 10] . This paper is divided into four sections. This introduction is the first. Next, the energy loss mechanisms and the computer model construction are presented in the materials and methods section. The results and analysis are in the third section. Finally, the conclusions.
II. MATERIALS AND METHODS
The HP™/Quartzdyne™ resonator geometry is selected to demonstrate the 3D-FEM model performance. This geometry is used in state-of-the-art X-mas tree or downhole transducers. As presented in Table I , the HP transducer uses the BT-cut, and the Quartzdyne transducer uses the AT-cut. In this paper, the dual-mode, thickness-shear quartz pressure transducer is not analysed, as it represents a different geometry class [11, 12] . The developed model is used to evaluate the influence of intrinsic loss of quartz and various geometrical features on the resonator Q-factor values, and its response to changing temperature and hydrostatic pressure. For this work, the AT-cut is used, but the model can be easily modified to evaluate any crystaline materials or crystal cuts. The steps carried out in model construction and validation are as follows.
• Energy loss mechanisms assessment.
• Computer model construction.
• Model validation.
-Quality factor vs. frequency, Q × f.
-Quality factor vs. cross-section curvature, Q × h c .
-Relative frequency variation vs. temperature, ∆f f × T . -Relative frequency variation vs. pressure, ∆f f × p.
• Transducer design optimization. By applying the newly constructed model, and considering the best crystal quality, the transducing element can be evaluated with respect to geometrical features, such as: thickness, diameter and convexity (plano-convex and biconvex), to achieve the highest quality factor possible.
Oil wells are getting deeper, thus transducers and circuitry have to withstand higher temperatures and pressures. It is estimated that away from tectonic plates the downhole temperature increases at 25 o C per kilometer and the hydrostatic pressure increases at 24.5 MPa per kilometer [1] . The transducing element should be able to withstand pressures greater than 20000 psi (137.89 MPa) at temperatures of 200 o C, while keeping the Q-factor over 10 6 . Besides, such requirements should have the lowest impact on the fabrication complexity.
For temperature simulations, temperature-dependent elastic constants, from 0 o C to 200 o C, are used. Experimentally, it is found that a third-order polynomial is enough to model temperature effects on the elastic constants [13] . Other temperature constants values can be found in [14] . As for pressure simulations, a boundary load condition is used to get the pressure-induced frequency shift, in the range of 14 psi (96.5 kPa) to 20000 psi (137.89 MPa). To simulate the pressure induced frequency shift, only the first order elastic constant is used, as the non-linear behavior is expected to be negligible in the pressure range evaluated [15] .
A. Energy loss mechanisms assessment
The energy loss mechanisms are classified in two main groups: losses in the crystal itself, classified as intrinsic losses, or losses due to the construction of the resonator and the environment, classified as extrinsic losses. Some losses are unavoidable and others can be minimized [8, 16] .
Intrinsic mechanisms include:
• Thermoelastic dissipation.
• Dissipation due to phonon-phonon interactions.
• Dissipation due to lattice defects.
Extrinsic mechanisms include:
• Friction loss via interaction with ambient gases.
• Loss due to electrode resistance.
• Friction loss at the electrode-quartz interface.
• Loss due to surface roughness.
• Leakage towards the mounting support.
• Excitation of undesirable modes.
The detailed mathematical analysis of the various loss mechanisms is an extremely complex problem, thus resulting in extremely long computation time. However, a simpler mathematical model can be implemented considering the loss mechanisms as a viscous phenomenon [8, 17] . This is specially useful for the internal loss mechanisms. Thus, the constitutive relations of piezoelectricity can be modified as presented in Equations 1-3. The constant values for quartz are presented in Table II .
in which, T ij is the ij component of the stress tensor, S kl , S jk are components of the strain tensor,˙S kl is the time variation of the component of the strain tensor, E k , E j are components of the electric field vector, D i is the i component of the electric displacement vector, c ijkl is the component of the elasticity or elastic stiffness matrix, e ijk is component of the piezoelectric coupling matrix, ε ij is the electric permittivity matrix, J i is the component of the current density vector, and σ ik is the component of the electric conductivity. The coefficients η ijkl , in the term in parenthesis in Equation 1, represent the viscosity of quartz, corresponding to the internal friction in the piezoelectric material. This simplification allows for a more efficient computer model [7, 8] . Equation 3 accommodates the loss attributed to resistivity. Next, to include the impact of the extrinsic losses on the Qfactor, the transducer geometry is designed with a computer software.
Different materials can be used as piezoelectric transducer, such as: boron silicate (tourmaline), lanthanum gallium silicate (langasite), gallium orthophosphate, and quartz. In oil and gas applications, the AT-cut quartz crystal is the selected cut due to its lower thermal dependence, frequency stability with respect to cut error, and long term stability. Typical parameters for the AT-cut quartz parameters are presented in Table III . For this crystal cut, the vibration mode used is the thickness-shear. The quality factor, Q-factor, is inversely related to the loss mechanisms, which can be classified in two main groups: intrinsic and extrinsic. Considering intrinsic losses only, the Q-factor decreases as frequency increases, as shown in the following expression for the Qfactor [17] . 
ω is the angular frequency, and η 66 is the viscosity. The Voigt notation is applied.
Using the AT-cut quartz parameters presented in Table III , one can obtain a numerical expression, which can be used as part of model validation process [17, 18] .
in which, the frequency, f, is in Hz. 
B. Computer model construction
The model is implemented in COMSOL Multiphysics software [19] . But details are given for implementation of the model with other platforms. The steps are as follows: geometry design, material selection (cut angle), mesh generation, absorbing regions, and physics (solid mechanics and electrostatics). First the plano-plano geometry is used to validate the procedure, and next different profiles are examined, namely: plano-convex and bi-convex.
Geometry design:
The disk-shaped plano-plano geometry is selected for validating the procedure, because it is very close to the geometry used in the industry for many applications. Due to the anisotropic (trigonal symmetry) nature of quartz, a full 3D FEM based model is used to accurately estimate the Qfactor. Besides, the full 3D model allows for the evaluation of non-symmetric 3D geometries. A cross-sectional view is presented in Figure 3 . The dimensions of the disk are based on the Quartzdyne pressure resonator, that has a 3rd OT resonance frequency at 7.22 MHz [4] . For this simulation, the same frequency was analyzed in the first harmonic, so the disk thickness is h q = 230 µm and the diameter is l q = 15 mm. Thus, differently from the Quartzdyne transducer, the first harmonic is used. There is no loss, as far as model validation is concerned. Of course, to manufacture the transducer, it is best to use the third harmonic, allowing for a thicker plate. The electrode thickness is h elec = 100 nm and diameter is l elec = 0.5 × l q . As the electrode is an ideal conductor, the thickness is modeled as a single layer. The PML region is explained later.
Material selection:
Next, a material has to be defined for each region. The electrodes are ideal equipotentials: ideal conductors with no atomic mass. For the simulation, it was defined as an ideal metal. In real transducers, gold is used. For the quartz crystal region shown in Figure 3 , the material properties are orientation dependent. In this work, the right-handed quartz crystal is used. For each crystal cut, there is a set of constants for the elastic stiffness matrix, piezoelectric coupling matrix and relative permittivity matrix. For the 3D simulation, one can enter the matrix elements for the chosen cut or use the general matrix, and perform the crystal cut rotation directly in the software tool using Euler angles. The crystallographic orientation adopted in the simulations are based on the 1987 IEEE standard, in which the AT-cut is defined as (YXl)-35.25 • [20] . The selected software tool follows such convention [21] . Both, the COMSOL library and published elastic constants are used to carry out the simulations [13] .
Mesh generation:
For the thickness-shear mode, the mesh density in the thickness direction directly influences the correct simulation of the resonance frequency. However, one should be careful at increasing the mesh density, as it increases the computation time. An evaluation of the fundamental frequency value as a function of the number of mesh elements along the thickness direction is presented in Figure 5 . From the simulation results there is a good compromise at the density of 8 mesh elements by half-wavelength. For the electrodes, only one layer in the thickness direction is considered sufficient, as the electrode conductivity is much higher as compared to the crystal. The generated mesh, presented in Figure 4 , has 8 elements in the perpendicular direction, 32 elements in the azimuth and 23 elements in the radial direction, yielding 5888 elements. This is a trade-off, as increasing the number of element, increases the resolution, but also increases the computation time. With more computing power, more mesh elements can be used, including higher order mesh.
Absorbing regions:
To complete the plano-plano geometry, it is necessary to introduce a special region. For this purpose, the perfectly matched layer, PML, technique is applied. The PML region is an ideal absorbing domain. This allows a more realistic modeling of the resonator loss, as the PML region can be assumed to model the mounting support loss for this simpler geometry used to validate the model. All energy reaching the PML region is absorbed, none is reflected. This energy sink allows for obtaining a lower bound for the Q-factor, as it assumes that all energy reaching the mounting support is lost. Without the PML region, the reflected energy would bounce inside the structure yielding an unrealistic Q-factor. A PML region is not a boundary condition. The region specified as PML works as a semi-infinite ideal energy sink, it dissipates all the incident wave energy [7, 8, 22] .
In COMSOL Multiphysics, PML is available for frequency response and eigenfrequency analysis. The material properties of the PML have to be the same as its adjacent domain. In Figure 4 a PML domain circumvents the disk resonator. The radius of the outer circle is not critical as long as it allows for the meshing requirements of the PML region, which is 5 -6 mesh elements across.
Physics: At this step, one defines the set of differential equations to be solved and its boundary conditions. In the piezoelectric region, COMSOL Multiphysics software solves both structural and electrical equations. In the electrode region, only the structural equation is solved. The electrical equations are not solved in the metallic region because an ideal metal is assumed, hence the electrodes can be approximated as an equipotential region. The dominant electromechanical coupling is exhibited by the piezoelectric region only.
Finally, one specifies the electrical and mechanical boundary conditions. One example of boundary condition is the electrode voltage level. In this work, one electrode is defined to be at 5 V, and the other is connected to the ground potential. For pressure simulations, one can use two types: fixed constraint, and boundary load. The fixed surface constraint is applied in some simulations to model a structure which is in a fixed position. The boundary load is a condition that replaces the standard free condition, it states that a given mechanical load is applied onto the boundary.
III. RESULTS AND ANALYSIS
Both mechanical and electrical losses are introduced by means of loss factors, which are related to the viscosity. The viscosity matrix for quartz crystal at 30 o C [18] is used. After introducing the loss mechanisms, the eigenfrequencies become complex. As a generalization of Equation 4, the real part is the actual modal frequency, and the imaginary part is related to the damping effect. loss factor = ω · η ij c ij (7) in which, ω is the angular frequency, η ij are the viscosity matrix elements, and c ij are the elastic constants, Voigt notation is used. For model validation with the plano-plano geometry, the PML regions are used to model anchor or mounting support loss. Such regions (domains) absorb the elastic waves and contribute to the damping. The structural loss factor represents the hysteresis in a stress-strain curve and the dielectric loss factor represents the polarization loss, which manifests itself as the hysteresis in the polarization versus electric field curve of the material. The dielectric loss factor is required by the COMSOL software to carry out the simulation. The default zero-value is used. In this simulation, the dielectric Fig. 6 : Quality factor vs. frequency for the disk-shaped plano-plano quartz resonator with 15 mm, 30 mm and 90 mm in diameter (lq), l elec = 0.5×lq, l PML = 1.2 mm. loss is included in the viscosity loss factor. The electrodes are assumed loss-less.
A simulation involving mechanical boundary conditions such as these must be carried out in two steps: stationary, and eigenfrequency. At each step, geometrically nonlinear analysis is enabled.
A. Model validation with plano-plano geometry
As a key validation for the constructed computer model, the first simulation performed is to extract the dependence of the Q-factor as a function of the resonance frequency, f, as this is a figure of merit for resonators [23, 24, 25, 26, 27] . This allows for comparison of the model with available data [23] . In this simulation, the electrode thickness is zero. Thus the electrode material is introduced because it is required by the interface. The frequency range is obtained for different diameters of the quartz disk: 15 mm, 30 mm and 90 mm in diameter. The results are presented in Figure 6 .
It can be seen from Figure 6 that the Q-factor increases with frequency, reaches a maximum, and starts decreasing, as is observed experimentally. At high frequencies, the transducer Q-factor is limited by intrinsic losses.
According to available experimental data [23] , the Qfactor limit due to intrinsic losses is given by Q = 16 × 10 12 × f −1 . This is very close to the result in Equation 6 , which is also extracted from the plot in Figure 6 . The reduction of the Q-factor at lower frequencies is also observed experimentally [23] . This can be understood as caused by extrinsic losses, which is a function of the energy removed out from the transducer through the interfaces. Keeping the diameter fixed, a thicker disk causes more energy to be lost to the environment, and mounting structures, causing a reduction of the Q-factor at such frequency range.
B. Other geometries
Next the model is used to evaluate the impact of different geometrical profiles in the Q-factor. It is expected that by using a convex surface the vibration energy can be confined, thus increasing the Q-factor. The convex surface reduces the acoustic energy reaching the transducer borders, and reduces undesired vibration modes. Different types of curvatures can be utilized, such as: plano-convex and bi-convex [28, 29] . First, a spherically-contoured surface is used, as shown in Figure 7 . The convex shape can be manufactured by ultrasound machining, convex lapping and polishing, and for small geometries MEMS fabrication techniques can be applied [30, 31] . The radius, R, can be calculated as follows,
in which, h c is the thickness of the curved surface at the center.
For the simulation, the electrodes thickness is set to zero, l q = 15 mm, h q = 230 µm, l elec = 0.5 × l q and l PML = 1.2 mm and g 1 = g 2 = 0.8 mm. Eigenfrequency analysis, by varying the geometric parameter h c , are carried out to extract the Q-factor of the disk-shaped resonator with different surface convexities. The results for four types of curvature: bi-spheric, plano-spheric, plano-parabolic and plano-elliptic without caps and zero-thickness electrodes are shown in Figure 8 . As expected the Q-factor increases with the curvature, the bi-convex shape displays higher Q-factor than any of the plano-convex shapes, as can be observed in Figure 8 . However, by using just one convex surface is enough to concentrate the acoustic energy. This result is important because it simplifies the manufacturing process. Thus, the planoconvex shape is the best compromise, as the lapping and polishing procedure is easier to be performed at one side.
C. Temperature sensitivity
The behavior of the resonance frequency shift as a function of temperature and cut angle around the AT-cut can be modeled as a third order polynomial [13] , as shown in Equation 9. The frequency shift is calculated as (f − f 0 )/f 0 , in which f is the measured frequency and f 0 is the frequency at the reference temperature. Considering the temperaturedependent equations for the elastic constants, and applying the values of the elastic constants for the Y-cut at 25 o C, Fig. 8 : Q-factor as function of the geometric parameter hc for the diskshaped resonator with PML. The electrodes thickness is set to zero, lq = 15 mm, hq = 230 µm, l elec = 0.5 × lq and l PML = 1.2 mm and g 1 = g 2 = 0.8 mm. The plano-spheric and the plano-parabolic plots are almost perfectly superimposed. Table IV [13, 32] , one can perform a rotation using Euler angles to get the elastic constant for the AT-cut.
The frequency shift as a function of temperature for the disk-shaped resonator is obtained with the developed model. Using the plano-plano geometry presented in Figure 4 , and considering T = 25 o C as the reference temperature, the normalized resonance frequency of the first harmonic is plotted in parts per million. The result is presented in Figure 9 . For this simulation, the Mason temperature constants are used [13] . Other constants can be easily implemented [14] .
D. Pressure and temperature effects
The combined response of the resonance frequency as a function of hydrostatic pressure and its temperature sensitivity is obtained for the plano-plano geometry with caps. It is the transducer shown in Figure 7 with h c = 0. This is Table V with l q = 15 mm, l elec = 0.5 × l q , h q = 230 µm and h elec = 100 nm. The behavior of the frequency shift in parts per million as function of the temperature and pressure is shown in Figure 10 , in which the frequency at 25 o C and 14.7 psi (96.5 kPa) is used to normalize the data. For a given isotherm, the pressure response appears fairly linear. In fact, these results show a good agreement with previous simulation results, which used the Nonlinear Stressed Homogeneous Temperature (NSHT) algorithm developed by Beerwinkle et al [33] .
Considering state-of-the-art transducers, to allow for semi-distributed measurement in such harsh conditions, the transducing crystal should be integrated with a hightemperature silicon-on-insulator, SOI, chip, replacing alumina printed circuit board commmonly used, as shown in the proposed smart high-resolution pressure sensor presented in Figure 2 . The SOI chip with RF oscillator, converter, data processing and communications, could be attached to the bottom of the pressure transducer with the temperature and reference transducers mounted next to it. The tranducers are part of a Pierce RF oscillator connected to a frequency to digital converter [34] . To save energy, an energy management module could be included. Besides, results in Figure 8 suggests that the transducing element could be further miniaturized. A possible target for the miniaturized transducer and electronics is to fit a stainless steel package with Φ = 10 mm diameter and about L = 100 mm of length. Although, the system should still use wired communications and energy source. The new sensor could be mounted in the mandrel at fixed positions in the well tubing to achieve semi-distributed measurement [35] .
IV. CONCLUSIONS
A 3D-FEM computer model for the AT-cut quartz plate, which takes into account the intrinsic and extrinsic loss mechanisms, is constructed and implemented. For calculation efficiency, the simplifying assumption of modeling the losses as friction factors is used. The right-handed AT-cut quartz crystal is selected as the reference material. The developed model can be easily modified to evaluate other crystaline materials or crystal cuts. Details are given such as the model can be implemented in different multiphysics software tools.
The model is validated for the AT-cut quartz crystal by extracting the Q × f curve, by evaluating Q as a function of the cross-section profile, by extracting the relative frequency shift as a function of temperature, and by extracting the relative frequency shift for the disk-shaped transducer as a function of the hydrostatic pressure. The geometry is the same as the HP™ or Quartzdyne™ transducers. To compare with published data, the dimensions used are the same as the Quartzdyne transducer, except for the plate thickness. Differently from the Quartzdyne transducer, the first harmonic is used. The quartzdyne transducer is manufactured to oscillate at the third harmonic. There is no loss, as far as model validation is concerned. Of course, to manufacture the transducer, it is best to use the third harmonic, allowing for a thicker plate. The simulated results reproduce the behavior of the AT-cut Quartzdyne transducer as found in the literature, and the general trends imposed by theoretical arguments.
To speed up the simulation, the electrodes are zerothickness ideal conductors. A reduction of the Q-factor is expected, due to the conductivity and atomic number of the material used in the electrodes. Typically gold is the material of choice. The PML region is included to model the absorbed energy in the mounting clips, yielding a lower bound for the Q-factor.
The model offers an insight in the evolution of highresolution pressure transducer, as it allows an evaluation of the impact of geometrical features to achieve the highest quality factor possible. Considering the limit imposedb y intrinsic loss at high frequencies, bi-convex and planoconvex disk surfaces can be used to increase the quality factor substantially. A small curvature already yields a factor of ten increase. Furthermore, the plano-convex disk resonator presents almost the same quality factor as the bi-convex. Hence, the plano-convex is the best compromise, as the manufacturing process is simpler. The Q-factor as a function of frequency of a downhole quartz sensor, capable of withstanding pressures greater than 20000 psi (137.89 MPa) at temperatures of 200 o C has been simulated. A possible miniaturization route is to bond an SOI-based circuitry directly onto the backside of the transducer capsule.
